Two new potential pharmacologic therapies for recurrent stone disease are described. The role of hyperuricosuria in promoting calcium stones is controversial with only some but not all epidemiologic studies demonstrating associations between increasing urinary uric acid excretion and calcium stone disease. The relationship is supported by the ability of uric acid to "salt out" (or reduce the solubility of) calcium oxalate in vitro. A randomized, controlled trial of allopurinol in patients with hyperuricosuria and normocalciuria was also effective in preventing recurrent stones. Febuxostat, a nonpurine inhibitor of xanthine oxidase (also known as xanthine dehydrogenase or xanthine oxidoreductase) may have advantages over allopurinol and is being tested in a similar protocol, with the eventual goal of determining whether urate-lowering therapy prevents recurrent calcium stones. Treatments for cystinuria have advanced little in the past 30 years. Atomic force microscopy has been used recently to demonstrate that effective inhibition of cystine crystal growth is accomplished at low concentrations of L-cystine methyl ester and L-cystine dimethyl ester, structural analogs of cystine that provide steric inhibition of crystal growth. In vitro, L-cystine dimethyl ester had a significant inhibitory effect on crystal growth. The drug's safety and effectiveness will be tested in an Slc3a1 knockout mouse that serves as an animal model of cystinuria.
Introduction
The current pharmacologic therapies for prevention of recurrent kidney stones all are relatively ancient (1) . Only a handful of drugs are commonly used today, none of which is less than 30 years old. For prevention of recurrent calcium stones, available therapies include the thiazides (chlorthalidone, hydrochlorothiazide, and indapamide), potassium citrate, and allopurinol. Differences between pharmacologic therapy for calcium oxalate and calcium phosphate stones are not clearly delineated. Uric acid stones are treated with urinary alkalinization, usually with potassium citrate and less frequently with sodium citrate, and allopurinol has only a secondary role. For cystine stones, alkalinization as for uric acid stones and thiol therapy with tiopronin and d-penicillamine are appropriate.
This review briefly considers two novel topics: Febuxostat for calcium stones and new inhibitors of cystine crystallization. Other pharmacologic therapies are in development; these are simply two topics of current interest to the author.
Febuxostat
Approximately one third of patients with recurrent calcium stones have hyperuricosuria as one of their urinary risk factors (2) . Increasing the urate concentration of experimental solutions effectively halves the amount of oxalate required to provoke calcium oxalate crystallization and increases the size of particles deposited (3) . The pathophysiology of this relationship has been attributed to the ability of uric acid to "salt out" calcium oxalate. Salting out is simply the ability of an electrolyte, in this case uric acid, to reduce the solubility of a nonelectrolyte, in this case calcium oxalate (4) . For the purposes of this definition, nonelectrolytes and electrolytes are salts that have low and high solubilities, respectively. This phenomenon is distinct from epitaxy, whereby one crystal forms on another. (Although sodium urate can lead to crystallization of calcium oxalate in vitro, such an effect has not been demonstrated to occur in human urine and is now considered unimportant in explaining the ability of hyperuricosuria to promote calcium stone disease.)
Although these in vitro data and phenomena are interesting, the epidemiologic data demonstrating that hyperuricosuria is an important risk factor for calcium stones is less compelling with variable results and conclusions. Most recently, three well characterized cohorts of prospectively followed participants were studied with regard to 24-hour uric acid excretion as a risk for kidney stone formation (5) . In 3350 men and women, 2237 of whom had a history of nephrolithiasis, urinary uric acid had a significant inverse association with stone formation in men, a marginal inverse association with risk in younger women, and no association in older women.
With many small and inadequately controlled trials in the literature suggesting that reducing uric acid excretion might reduce calcium stone recurrence, only one adequate randomized, controlled trial has dem-onstrated this effect (6) . The hypothesis was that allopurinol, an inhibitor of xanthine oxidase (also known recently as xanthine dehydrogenase or xanthine oxidoreductase) would decrease the rate of recurrent calcium oxalate calculi in patients with hyperuricosuria (Ͼ800 mg/d in men, Ͼ750 mg/d in women) and normocalciuria (Ͻ300 mg/d in men, Ͻ250 mg/d in women). The patients were randomly assigned to either allopurinol 100 mg three times a day or placebo. Recurrent stone outcomes were determined either by recording of stone passage or by comparison of plain radiographs taken at yearly intervals with the baseline film. Allopurinol reduced uric acid excretion by Ͼ400 mg/d, whereas the placebo group had a variable reduction of 0 to 100 mg/d. Although both groups had a reduction in stone events, new stones occurred in 18 patients receiving placebo and nine receiving allopurinol, and the allopurinol group had a significantly longer time before recurrence.
This study exists in the context of the heterogeneity of epidemiologic data that fail to demonstrate strongly that hyperuricosuria is a risk factor for calcium stones. It has therefore been suggested that the effect of allopurinol on calcium stone incidence is actually not related to its ability to lower uric acid production (5, 7) . Its effects could include other effects of xanthine oxidase inhibition, as the enzyme has been linked to oxidative stress and production of free radicals (8) . How these pleiotropic effects of xanthine oxidase and its inhibition are linked to stone formation remain speculative and unproved.
One interesting question is whether xanthine oxidase inhibition to reduce uric acid excretion is effective only in calcium stone formers with normocalciuria and not in patients with hypercalciuria. Review of this literature demonstrates a paucity of evidence. In one frequently cited article, a nonrandomized trial, 31 patients were treated with allopurinol, and 43 patients served as untreated controls for recurrent calcium stones (9) . Overall, patients who were treated with allopurinol had a recurrence rate of 49% (15 of 31), whereas the control patients, who were not treated with allopurinol, had a recurrence rate of 40% (17 of 43). In other words, allopurinol had no effect on the aggregated group. Five of six with both hyperuricosuria and hypercalciuria had an episode of stone recurrence at 2 years, whereas only two of eight with hyperuricosuria and normocalciuria did; regardless of uric acid excretion, the patients with hypercalciuria had a 64% recurrence rate, whereas patients with normocalciuria had a 40% recurrence rate. This small, nonrandomized trial with smaller subgroups cannot serve as an adequate basis for concluding that urate-lowering therapy is not efficacious in the presence of hypercalciuria. In a review of the efficacy of allopurinol for calcium stones, Ettinger (7) tabulated 15 articles that either did or did not prescribe the drug in a selective manner, that is, excluding hypercalciuria. The studies are mostly small and nonrandomized. He concluded, "Treatment has not been systematically evaluated for patients (with) hyperuricosuria combined with hypercalciuria. The school of selective treatment would suggest thiazide and allopurinol." However, this combination is thought to lead to a higher rate of allopurinol hypersensitivity, perhaps via increased reabsorption of the metabolite oxypurinol (10). Many such cases have occurred when allopurinol was given to treat asymptomatic hyperuricemia developing from thiazide use.
Febuxostat is a newer xanthine oxidase inhibitor and, unlike allopurinol, is not a purine analog. It received approval by the Food and Drug Administration in 2009 for the long-term management of hyperuricemia in patients with gout. Its efficacy in reducing serum uric acid concentration and urinary uric acid excretion may be superior to allopurinol, although the two have not been properly tested head-to-head because allopurinol has not been titrated past 300 mg/d in studies performed in the United States (11) (12) (13) . Whereas excretion of allopurinol is mainly via the kidneys, febuxostat is largely metabolized by the liver. It may therefore be particularly useful for urate lowering in patients with chronic kidney disease, a category that is not necessarily relevant to stone disease. Studies have concluded that the 80-mg dosage does not require adjustment in patients with impaired GFR, although the data for patients with estimated GFR Ͻ30 ml/min per 1.73 m 2 are limited (14, 15) . Febuxostat is currently used mostly in patients with allopurinol allergy or hypersensitivity and in patients who fail to achieve serum uric acid targets with allopurinol (13) . In stone formers being treated for gout and hyperuricemia, it might be preferable, in the allopurinol-intolerant patient, to uricosuric agents.
On the basis of the possibility that the drug could be as efficacious as or superior to allopurinol, I helped Takeda design a study to test the hypothesis that febuxostat, like allopurinol, could reduce hyperuricosuria and recurrent calcium stones. The study has completed enrollment at a number of kidney stone prevention programs and urology practices throughout the United States. Its title is "Febuxostat Versus Allopurinol or Placebo in Subjects with Hyperuricosuria and Calcium Oxalate Stones" (ClinicalTrials-.gov identifier NCT01077284). The preliminary design seeks essentially to replicate the allopurinol study of Ettinger et al. (6) . Patients with a history of calcium stones and at least one 3-mm stone in place and with hyperuricosuria (Ͼ700 mg/d) and normocalciuria (Ͻ4 mg/kg) will be randomly assigned to one of three groups: febuxostat 80 mg/d, allopurinol 200 or 300 mg/d (depending on GFR), or placebo. Hyperuricemia is not required. The outcome is uric acid excretion and assessment of stones on computed tomography at 6 months. Although this period of time is likely too short to demonstrate a change in stone outcomes, the uric acid excretion results may serve as the basis for a possible longer study sufficient to replicate the findings of Ettinger (6) . The study will generate data on the magnitude of reduction of uricosuria by this dosage of febuxostat.
In a potential longer phase 3 study, with a primary outcome of stone burden as determined by computed tomography, febuxostat could be compared with allopurinol. Because allopurinol is available as a generic medication, it is significantly less expensive. Febuxostat may be more efficacious if greater reductions in serum uric acid correlate with lower urinary uric acid (11, 12) and if that in turn correlates with less stone disease activity. Whereas allopurinol is associated with an incidence of rash of 2% and rare life-threatening hypersensitivity reactions (10), febuxostat seems thus far to be associated with fewer hypersensitivity events, with only two reported to Takeda via the Food and Drug Administration's Medwatch (Patricia Macdonald, RN, personal communication). Liver function abnormalities are seen at a slightly higher rate than in placebotreated patients. Other potential advantages of febuxostat, of unproven clinical significance thus far, is that, unlike allopurinol, it inhibits both the oxidized and reduced forms of xanthine oxidase and has fewer effects on other enzymes involved in purine and pyrimidine metabolism. It might also be worthwhile to test urate-lowering therapy with or without thiazides in patients with hypercalciuria and hyperuricosuria. Both allopurinol and febuxostat may be better tolerated than thiazides in many patients (16) and may have additional cardiovascular benefits related to either reduction of uric acid or inhibition of xanthine oxidase (17) . The limitation to using allopurinol more widely because of the purported lack of efficacy in hypercalciuria and the risk for hypersensitivity when co-administered with thiazides leaves open the possibility of a range of studies with febuxostat.
New Therapies for Cystinuria
Cystinuria is an autosomal recessive disorder that occurs as the result of mutations in one of the two genes that code for the proteins that constitute the cystine and basic amino acid transporter expressed in the proximal tubule (18) . The result is failure to reabsorb filtered cystine, a poorly soluble amino acid that crystallizes in the distal tubules and forms large and recurrent stones.
Treatments for cystinuria have essentially not changed for more than 30 years (19) . Fluids to increase urine volume and dilute excreted cystine are considered critical. Dietary therapy, which remains untested in actually changing stone activity, includes sodium and animal protein restriction. Reduction of sodium intake is associated with a reduction in cystine excretion, although the basis for this effect is not clear (20, 21) ; the cystine transporter in the proximal tubule is not a sodium-dependent transporter. Restriction of animal protein ingestion facilitates urinary alkalinization to increase cystine solubility and reduces intake of the cystine precursor methionine, reducing urinary cystine excretion (22) . Pharmacologic therapies are twofold. Urinary alkalinization increases cystine solubility and is achieved with administration of citrate or bicarbonate. Because cystine is a dimer of cysteine linked by a disulfide bridge, thiols, whether d-penicillamine or tiopronin, can break the disulfide bridge and form a more soluble complex with monomeric cysteine. Captopril, although also a thiol, is ineffective because its appearance in the urine is insufficient to have a meaningful effect.
The thiols, however, are not particularly well tolerated and are associated with a significant incidence of allergy; gastrointestinal intolerance; and a broad variety of adverse effects that include elevation in hepatic enzymes, blood dyscrasias, skin disorders such as elastosis perforans serpiginosa, and proteinuria with membranous nephropathy (23) . Tiopronin is better tolerated than d-penicillamine, with 30.6% and 69.4%, respectively, having reactions that required cessation of therapy in one nonrandomized study (23) ; however, adverse reactions to tiopronin were extremely common. The basis for the toxicity of thiols in general might result from the ability of thiols to produce superoxide radicals and hydrogen peroxide. Thiols can auto-oxidize to disulphides, whereas the latter can be reduced to thiols, and this potential for redox cycling can potentially produce these toxic byproducts (24) . The reaction of thiol drugs with cystine might be a model for their interactions with disulfide bridge-containing proteins throughout the body. The basis for their use in various other diseases includes their ability both to induce autoimmunity and inhibit T and B cells and to inhibit various enzymes including metalloproteinases. Other approaches to the treatment of cystinuria would therefore be welcome.
Ward and his team in the Department of Chemistry at New York University recently reported a potential alternative approach to the prevention of cystine kidney stones based on crystal growth inhibition (25) . The technique that allows crystal growth and the effect of inhibitors to be measured is atomic force microscopy (AFM) (26) . This technique provides for in situ visualization of the early stages of growth of organic crystals in liquids. The result is the ability to observe nucleation events and topographic features of growing crystals that play an important role in crystal growth. It is then possible to quantify the velocity of growth under varying conditions and in the presence of changing concentrations of putative inhibitors. Real-time in situ AFM of l-cystine during growth in aqueous solutions containing l-cystine revealed expanding steps generating hexagonal hillocks in a spiral growth pattern.
Examination of the crystal structure of l-cystine suggested several potential inhibitors of crystal growth. Among several that were tested, the most effective were l-cystine dimethyl ester (L-CDME) and l-cystine methylester (L-CME). These molecules serve as structural mimics of l-cystine in which one carboxylate group is replaced by a methylester group (L-CME), or in the symmetrical form, both carboxylates are replaced by methylester groups (L-CDME). Using these inhibitors resulted in roughening of the otherwise highly linear growing step edges and rounding of the hillock corners seen by AFM (25) (Figure 1 ). The step velocity decreased with increasing L-CDME concentration, becoming negligible above 30 mg/L. The inhibitor effect was reversible, with the rate of growth returning to the original value once the aqueous solution containing L-CDME was replaced with one containing only l-cystine. L-CDME was significantly more efficacious in inhibiting crystal growth than L-CME. Importantly, for consideration of whether L-CDME could be useful in people with cystinuria, the concentrations at which L-CDME was effective at a concentration of only 2 mg/L. Because l-cystine stone formers generally have urinary l-cystine concentrations ranging from 1 to 4 mM, comparable with the concentrations used for the AFM studies. Therefore, L-CDME concentrations near 2 mg/L (Ͻ0.01 mM), at which inhibition of l-cystine growth was highly effective, may be adequate for therapeutic effect.
The advantage of these inhibitors over the thiols in use today is that at the low concentrations at which they seem effective, they may have a better profile of adverse effects and be better tolerated. They may also be more effective. As structural mimics of l-cystine, they interfere with crystallization by providing a steric inhibitory effect rather than the chemical reaction of disulfide exchange offered by tiopronin and d-penicillamine.
However, the use of L-CDME is not without potential risk. Interestingly, incubation of LLC-PK1 cells, a model of proximal tubular epithelium, with L-CDME leads to lysosomal accumulation of cystine (27) . The cells have impaired solute transport, oxygen utilization and substrate utilization (28 -30) . This loading with cystine serves as a model for cystinosis, an autosomal recessive disorder of lysosomal cystine accumulation as a result of abnormal cystine transport. Cystinosis is characterized by the Fanconi syndrome and frequently the development of kidney failure. The use of L-CDME as a treatment of cystinuria would then depend on its efficacy at dosages low enough to lead to inhibitory urine concentrations while not causing lysosomal accumulation and mimicking cystinosis. It may therefore be desirable to use AFM to find other possible inhibitors of cystine crystal growth to avoid this possible adverse effect. It is of course also possible that other molecules could be shown to be more effective than L-CDME.
The further development and testing of L-CDME and its congeners is being undertaken by Dr. Amrik Sahota. Cystinuria has been replicated in three mouse models in which the mouse genes Slc3a1 and Slc7a9 are mutated, leading to a reasonable facsimile of the human disorder (31) (32) (33) . In collaboration with Dr. Ward, Dr. Sahota and his co-workers are administering L-CDME to cystinuric mice and using micro-computed tomography to assess efficacy. Densitometric analysis of x-ray images has been successfully used to assess quantitatively stone growth in response to treatment of cystinuric mice with d-penicillamine (32) . If L-CDME is effective and safe in knockout mice, then the eventual goal would be to study the drug or its congeners in humans with cystinuria. Ensuring that the dosages used to inhibit urinary stone formation are not associated with lysosomal accumulation of cystine as in cystinosis will be an important part of the safety monitoring.
